Structures of mass probes for functional groups. Groups [14] [15] [16] We have developed mass probes for specific functional groups. The chemical structures of KAP-CHO01, KAP-OH01, KAP-CA01 and KAP-NH01 are shown in Fig. 1 . Those mass probes have a quaternary amine group as the ionization site, specific binding sites that are to be selected according to the samples. Those mass probes are designed to react with samples specifically at room temperature under a mild condition. Because the probes have a benzene and alkyl group, they are soluble with both a polar solvent and a nonpolar solvent. Figure 2 shows the mass spectrum of cholic acid with and without the labeling of KAP-CA01. The reaction of the probe with a sample having carboxyl group is shown in Fig. 1 . By injecting non-labeled cholic acid, only a weak (14 a.u.) peak of the [M+Na] + was shown (m/z = 431.0399), while, cholic acid labeled with CAP-CA01 showed a strong peak (2800 a.u.) at the expected molecular size (m/z = 713.0755).
As described above, in some cases, the mobile phase for mass spectrometry is critical. KAP series are designed to have benzene existing between the quaternary amine and the binding group, which brings about solubility of the labeled molecules in a solvent with a different polarity such as methanol or ethyl acetate. Therefore, molecules labeled with the KAP series are expected to be ionized and detected efficiently by mass spectrometry in various solvents. To confirm this, different solvents were used as the moving phase, and the intensity of the labeled cholic acid spectrum was detected (m/z = 426.56). The peak intensities were substantially constant and independent of the solvent polarity. Polar solvents, such as methanol and water, optionally added by acetonitrile in some case, are effectively used for ESI-MS because electric charges can be smoothly transferred from the solvent to the target molecule in those solvents. However, since molecules labeled with the KAP series have their own electric charge, transfer of the charges is not necessary for measurements with mass spectrometry.
Therefore, a comparable intensity was obtained even by using a solvent with a lower polarity, like acetic ether or chroloform.
We also confirmed that amino acids other than cholic acid could be detected by using KAP-CA01, and that KAP-CHO01, KAP-NH01, KAP-OH01 were also used for labeling samples, and increased the peak intensity and detection limit.
Mass Probes for a Nucleobase
KAP-NBs are mass probes which bind with nucleobases (KAP-NB01 and KAP-NB02). Those molecules are reactive with cytosine and guanine, respectively. They can be used for measurement of damaged DNA by oxidative stress which is caused by radical oxygen biologically produced. DNAs are cleaved, deleted or modified by oxidative stress. Part of the damaged molecules is excreted in urine, and of which amount shows the correlation with lifestyle-related disease. Urinary 8hyroxy-2′-deoxyguanosine (8-OHdG) is representative marker molecule of oxidative stress. 17, 18 KNB series mass probes are expected for quantitative analysis of the damaged DNAs. These molecules are usually measured by HPLC which requires many steps, or ELISA which is very expensive. If amplifying the intensity signal of stress markers specifically by KAP-NB series mass probes, measurement of plural stress markers may be realized without preliminary separation because the molecular weight of the measured molecules are naturally obtained at the same time. The reaction patterns of the KAP-NB series are shown in Fig. 3 and one of the representative spectrum of 8-OHdG labeled with KAP-NB02 (45˚C, 60 min) measured by 12 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 ESI-MS is shown in Fig. 4 . The detection limit of quantitative measurement of the molecule was 1/10 comparing to non labeled molecules.
Mass Probes for Protein Measurement 18
Generally, proteins are easily degraded in the ionization step and are not detected by mass spectrometry efficiently. As above mentioned, we have proposed mass probes that are easily introduced to small molecules with specific groups. However, they are not available for protein molecules with a number of functional moieties. We have designed and synthesized a series of mass-probes for protein detections (KMP series) which could be a model of a new tool for semi-comprehensive quantitative assays of proteins using mass spectrometry. In this system, the molecular weights were used as markers. Each mass-probe has a quaternary amine site, which does not require the further ionization for the detection with mass spectrometry, modified with alkyl chains of various lengths (marker site) and a maleimide group (binding site) that provides a link to a biological sample via a thiol group. The marker site and the binding site are coupled by a covalent bond that can be selectively cleaved due to its photoreactivity (cleavage site). The amount of target molecule can be determined by the intensity detected by mass spectrometry of the identified molecular weight of the marker site. Figure 5 shows schematic outline of the protein detection by using antibodies labeled with KMP molecules. A sample containing target proteins is immobilized on a solid phase, while plural kinds of antibodies are labeled with different mass probes. Each kind of antibodies should correspond to a specific molecular weight of the marker site. After adding the antibodies to the solid phase with the sample and washing off the unbound antibodies, the marker sites are cleaved by UV irradiation and the cleaved marker sites are introduced to mass spectrometry. The amount of target protein is obtained by dividing the peak area of marker site corresponding to specific antibody with that of internal standard molecule. The measurement with KMP series mass probes can be regarded as semi-comprehensive and semi-quantitative method, which is located between highly multiplexed systems (e.g. array systems) and highly quantitative assays. The molecular strucutres of KMP-174 is indicated in Fig. 6a . KMPs are composed of 1) binding site which binds to ligand molecule in specific manner, 2) cleavage site which can be cleaved by UV irradiation and 3) marker site which has various molecular weight. KMP-174 has maleimide group which binds to sulfide as the binding site, which can be replaced by other groups, for example NHS or isothiocyanate groups which bind to amine groups. Nitro benzyl groups which are photoreactive and alkyl chains were introduced as the cleavage sites and marker sites. In our established synthesis scheme, the attachment of the marker site was set at the last step of the synthesis step so that mass probes with various molecular weights are easily produced. The spectra of the molecule after the cleavage with UV irradiation for 1 min is shown in Fig. 6b . Marker sites were detected as single main peaks at exact molecular weights (174.2).
Development of KMP Series for Various Proteins and Sensitive Detection
For the comprehensive detection of proteins, four more kinds of mass probes with marker sites of different weights have been synthesized ( Figs. 7a -d) . These probes may be suitable for semi-comprehensive and semi-quantitative analyses, such as the simplified measurement of 5 major food allergens of which contamination mandatorily required to be indicated in Japan. However, if one needs to use this system for a more sensitive analysis, like the measurement of IgE in blood, the sensitivity of the system needs to be improved. The sensitivity may be enhanced by minimizing the volume used in the detection by mass spectrometry. If applying MALDI TOF-MS or ESI TOF-MS by nanospraying, the introduction of only 1 μl of the sample is sufficient for each measurement, while we introduced 2.0 ml of sample to compensate for the dead volume in the injection loop. Furthermore, we have developed KMP-160 for the further sensitive detection. The marker sites of the previously discussed KMP series contain a carboxyl group after the cleavage. The proton of carboxyl group dissociated in a polar solvent may result in the neutralization of the charge of the quaternary amine group of the marker site, which lowers the sensitivity of the detection of the marker site by MS. The newly-developed KMP is designed to have a hydroxyl group instead of the carboxyl group after the cleavage (Fig. 7e) , therefore, a more sensitive detection will be expected by the probe.
Protein Measurement
In Fig. 8 , we show the HEL (hen egg lysozyme) and OVA (ovalbumin) measurements using KMP-174 and KMP-188. The anti-HEL and anti-OVA antibodies were labeled by KMP-174 and KMP-188, respectively, in phosphate buffer in the presence of 10 mM TCEP at 37˚C. HEL bound to the particles by incubation at room temperature and the labeled antibodies were added to the mixture in microtubes and incubated. After washing the particles, absolute methanol was added, and the marker sites were cleaved by UV irradiation. The supernatant was taken and benzyltriethylammonium bromide was added as the internal standard. The solutions were then subjected to ESI-TOF mass spectrometry, and the relative intensities of the marker sites derived from KMP-174 and KMP-188 were measured. The results showed that HEL were detected with high correlation coefficients ( Fig. 8 ).
Conclusions
While, there are cases where various molecules are required to be measured immediately, there is no method to measure proteins, ions and other small molecules by a single method using a same instrument. For instance, at clinical examinations, ions such as sodium and potassium, creatinine, glucose and plural kinds of proteins are all necessary items. However, for detecting those molecules, different sensors for respective molecules are being used so far. By using our mass probes, comprehensive analysis of plural biomolecules by one measurement using a single instrument is suggested.
